Abstract: Future worksites will be occupied by different level of automation work machines. How these machines are working individually and how a fleet of these machines cooperates will be in focus of research and development work in the future. In this paper the studied off-road vehicle is a wheel loader. It can be controlled manually, remotely or autonomously. The control strategy of autonomous wheel loader is consisting of, e.g., static and dynamic mapping, path planning, obstacle observation and avoidance. In the autonomous machines and also in machines where operator assistance system is active the situational awareness is the key research field. Power management in hydraulic work machines are still active fields of research. Multiple architectures and configurations have been suggested concerning this area. In addition, implemented solutions that consider an entire machine are rarely presented. This paper introduces the research work of the control systems which are minimising the fuel consumption. Keywords: energy efficiency; autonomous machines; hydrostatic drives; HSDs; mathematical modelling; path-planning; digital hydraulics. This paper is a revised and expanded version of a paper entitled 'New energy efficient solutions to mobile machines' presented at
Introduction
Hydraulic mobile machines are actively researched worldwide in universities and companies. One of the focuses is decreasing the energy consumption of these vehicles. Another focus is the research towards autonomous operation of these machines. When achieving those objectives it contributes also to diminishing the environmental impact of the machines.
Academic approaches usually attempt to lower the energy consumption of system components individually (Williamson and Ivantysynova, 2010; Kumar and Ivantysynova, 2009 ). There exists research works in which the entire machine is considered. Huhtala et al. (1993) and Vonnoe (1993) there are introduced two attempts. Both of these two attempts are based on utilising steady-state models in estimating the efficiencies of components (Pedersen et al., 2006; Schouten et al., 2003) . These values are used to determine the optimal operating point of the drive train in different loading circumstances. This is computationally efficient due to simpler models than those describing the characteristics of dynamic situations. Nevertheless, if the results are not validated with a real machine, particularly the consumption values of diesel engines might differ significantly from values obtained by simulation models, e.g., specific fuel consumption maps (SFC) (Lindgren, 2005) .
Whether the interest is hydrostatic drive (HSD) or work hydraulics, solution should also consider requirements for functionality. For example, even though the main objective of a control system is optimal fuel consumption, it should not be achieved by notably slower accelerations than with manual drive.
Power management is very important when several systems or subsystems are controlled simultaneously, because in mobile machines all of them are connected to one prime mover, commonly to a diesel engine. Ensuring sufficient amount of power for all systems in every situation is challenging, especially, if the rotational speed of diesel engine is varied. Although there are research works that concentrate on this subject (Hansen et al., 2010; Syed et al., 2009) or optimise, e.g., the energy consumption of work actuators (Williamson and Ivantysynova, 2010) , it seems that overall solutions are very rare. In addition, prioritising different functions of a machine can be easily implemented as a part of a power management algorithm.
Recently in Germany there have been two major research activities in energy efficiency of mobile machines namely TEAM and STEAM.
The STEAM mobile hydraulic system, which is developed at IFAS, aims to improve the efficiency of mobile machinery by combining analogue hydraulic concepts with their digital counterparts (Vukovic et al., 2013) .
The drive train components and the machine control system significantly influence the fuel consumption of mobile machinery. The demonstrator vehicle 'green wheel loader' developed within the joint research project 'TEAM' combines the most promising drive concepts currently available for mobile machines with an innovative operating strategy. The developed drive and control system proved its functionality and performance under realistic operation conditions in a gravel pit. Reference test showed 10-15% fuel savings of the prototype vehicle compared to a state-of-the-art series machine (Schneider et al., 2016) .
Future worksites will be occupied by different level of automation work machines. How these machines are working individually and how a fleet of these machines cooperates is and will be studied in near future. The different level of automation (sliding autonomy) of the machines is commonly divided into manually driven and operator assisted machines and autonomously operated ones. In the on-road field there is also standard which defines the levels of automation (SAE Standard J3016_201609, 2016) . Recent years there have been several studies concerning about the autonomous actions of wheel loaders (Koyachi and Sarata, 2009; Filla, 2011; Larsson, 2011; Andersson, 2013; Ghabcheloo et al., 2009) . Wheel loader manufactures have been also active and prototype of the autonomous machines has been announced (Altin and O'Sullivan, 2016) .
Research steps towards autonomy
Laboratory of automation and hydraulic engineering (AUT) in Tampere University of Technology (TUT) has been studied remotely or autonomously operated off-road vehicles since 2000. There is in Figure 1 shown the research milestones of the unit in this field. It is obvious that the domain knowledge for the machines and process how these are working is essential to carry out the research. The following steps are able to see in the Figure 1 . For the energy point of view the main contributions are the idea of controlling all the drive components parallel, detailed study of hydraulic pumps and motors and diesel engine, test drives with the control of whole drive train components parallel, applying digital hydraulics to boom actions in wheel loader and optimising algorithms for power/energy use in a wheel loader. Towards autonomous use of wheel loader following operations have been made: remotely operated machine, automated drive with path following ability, autonomous drive with vision, autonomous pallet picking and finally joining the autonomous bucket filling and drive. In the following chapters the more detailed description of the steps and research results at TUT are illustrated.
Introduction to steady-state loss models of a hydraulic pump and motor
It is necessary to know the behaviour of the driveline components in various operating points. One of the key action is to develop the mathematical model of the whole drive system. One has to have the mathematical models of the components on that purpose.
Several different steady-state loss models for hydraulic pumps and motors can be found in the literature. One category of such models (the most common ones), are coefficient models. In most of the cases the coefficients can be defined by the data given by manufacturer. Another group of loss models is based on measurements. In these models the losses of a hydraulic pump and motor are described on the basis of measured reference data. Good accuracy for measurements based models can be achieved by tabulating the losses if the number of measurements is large.
Mathematical loss models of pumps and motors for general cases are mainly modelled using the physical nature of the losses of hydraulic units. There follows a discussion of these losses and the parameters on which they depend.
Flow losses can be attributed to two separate mechanisms. The first one is slip or leakage due to pressure gradients in the small working clearances of the hydraulic unit. The clearances in hydraulic machines tend to be of the order of tens of microns. The Reynolds numbers for the leakages in clearances are low and that is why the flow is laminar. Secondly, hydraulic fluids have a finite bulk modulus. The compressible volume consists of volumetric displacement and dead volume. The fluid in dead volume is pressurised to working pressure but is not delivered to the discharge line.
Torque losses in hydraulic units are mainly due to friction associated with the thin lubricant films between moving components. The viscous shear force in these thin films depends on the velocity gradients within the fluid. These are influenced by the relative velocities of moving surfaces and by velocities in the fluid film due to pressure. The viscous friction is normally taken to be proportional to speed and independent of load or pressure. The steady-state losses which are taken to be proportional to pressure and independent of speed are referred to as coulomb friction.
One of the first to develop coefficient models for hydraulic components was Dr. Warren Wilson. The mathematical models for hydraulic pumps and motors published by Wilson in 1948 have formed the basis of subsequent work. Wilson's work has been extended by Schlösser (1961) and Thoma (1969) .
Development work on pump and motor models has led to models where each loss source is described with several functions which have their own coefficients. To achieve good accuracy of the model there also exist functions which do not have any physical significance. This kind of model, derived by Zarotti and Nevegna (1981) and Rydberg (1983) , gives good results but the determination of the loss parameters needs a great deal of measured data. In addition to tabulating difficulties, another problem with such models is that verification may be a complicated process. Zarotti and Nevegna (1981) have studied many axial piston units. The conclusion of their study is that the flow losses increase non-linearly with flow and pressure. Dorey (1988) has proposed several models for hydraulic units. The latest type of flow loss model is nonlinear with variable coefficients. The Rydgerg flow models are combinations of the models of Hibi and Ichikawa (1975) and Olsson (1973) . Different terms from these models were combined into a complete model for both pump and motor (Olsson, 1973) . Furthermore, some new terms have been introduced which do not have any physical background, but which describe the behaviour of losses. The models are especially adapted to variable axial piston machines.
There are the hydraulic pump and motor mathematical models, which are based on measurements. POLYMOD model has been introduced by Ivantysynova (2001) and two-line model by Huhtala et al. (1996) and Huhtala and Vilenius (1997) . By means of mathematical equations the losses in different operation points are able to be defined. 
Introduction to studied machine
There are three main hydraulic circuits in the studied wheel loader: HSD, work hydraulics and steering. The structure of the hydraulic circuits is presented in figure. There is a hub motor connected to each wheel of the machine. All the motors are in parallel connected and supplied by one variable closed circuit pump. Work functions are realised with hydraulic actuators. Lifting the boom of the machine and tilting its fork are both implemented with two parallel cylinders. The control of the flow rate to actuators is done with digital valve systems (DVS). Here one DVS includes four digital flow control units (DFCU) each consisting of five ON/OFF-valves of different nominal sizes (Huova et al., 2010) .
As stated earlier, the third hydraulic subsystem of the machine is for articulated-frame-steering (AFS). It is a traditional proportionally controlled open hydraulic circuit with a fixed displacement pump. Although this system is not described here in detail, it causes additional load that increases with the rotational speed of the engine.
As a modern machine, the electronics of the studied wheel loader is distributed in different units which communicate via CAN-buses. The functionality of the devices is layered as seen in figure. Power management algorithms are implemented in low level controller and middle level controller is used only for controlling, measuring and testing. The control system and power management consist of multiple independent systems that are connected to each other. Here the electronics and software are distributed which emphasises the importance of communication between different systems. The purpose of distributed architecture is to assure modularity, which is not bounded in certain technological solutions. This requires generic and static interfaces and messages between different modules. Only modules that are related to power management are described in this paper.
Power management is distributed among three modules:
All of these are separate which enables the independent development of different systems. Electronic units connected to each module are shown in figure.
In general, a module requires and offers resources or information. This is implemented with a typical client-server model. For example, the HSD and work modules request power and minimum rotational speed. The engine module evaluates these requests, determines the maximum power of each module and possibly changes the reference of rotational speed. Source: Ahopelto et al. (2013) Modular approach enables the optimisation of each task. However, problems may occur in the optimisation of the overall operation of the system, because the optimal operation point is usually different for all the systems.
Control strategies of the modules
As described above, the power management of wheel loader consists of three independent modules. The reference speed of the diesel engine is propagated from the demands of work hydraulics and HSD. These modules request power and minimum rotational speed of the engine. The power request is evaluated using operation conditions and operator commands. Requested minimum rotational speed is defined so that operator commands can be fulfilled. The ultimate objective is to minimise the rotational speed of the engine and so achieve lower fuel consumption. The engine module realises minimisation and tries to fulfil the requirements of other modules. The provided resources, i.e., power and rpm, set the limits in which other modules try to fulfil operator commands. Control strategies are implemented in the low level with PLC logic.
Engine module control strategy
The control strategy of the engine module is to fulfil required power and rpm demands with as low rotational speed as possible. This should reduce fuel consumption because the required amount of fuel per one power unit is lower if the torque of diesel engine is closer to maximum for a given power. In addition, the efficiencies of variable displacement pump increase, because it can operate in higher displacement due to lower rotational speed. The third advantage of reduced rpm is that usually there are fans, chargers or fixed displacement pumps connected to a prime mover. These loads demand approximately fixed amount of torque; therefore, decrease in engine speed also reduces the required power of these loads. The diagram of the engine module is shown in Figure 4 . Source: Ahopelto et al. (2013) The engine module defines the values of rpm reference and sets upper limit for the power of client modules (later: served power). The former is determined as the maximum of the request, but also based on the power curve of the engine. This way flow rate is adequate for all the clients and available power corresponds to total power request, i.e., the sum of requested powers. The terms related to power management are shown in an example situation in Figure 5 .
In power division, an extra margin is summed with power requests. The purpose of this is to reserve some power for acceleration, inaccuracies and rapid changes in the power demands.
When the total power request has been determined, the minimum rotational speed is defined based on the maximum power curve. The reference of the engine is the highest value of the requested rotational speeds and the one defined by power.
The available power of the engine can be estimated with the maximum power curve and actual rotational speed. There are three situations occurring in power division:
1 If the engine can produce more power than the total request, served power for each client equals requested power increased with an amount that is a fix percentage of extra available power. This situation is presented in Figure 5 .
2 If the requested power is same that the engine can produce, then served power is same as requested.
3 If engine can produce less power than requested, the available power is served to clients in the ratio of requests. The increase rate of served powers is limited so that available power can rise faster than power consumption. These rate limiters enable the engine to respond to increased power consumption by accelerating to rotational speeds with larger maximum power.
HSD module control strategy
The control of HSD utilises the rotational speed, pressure difference and displacement of the pump. The module requests rotational speed and power from the engine module and controls the displacement of the pump as shown in figure.
Speed command defines reference for the pump displacement and rotational speed request for the engine module. When calculating requested rotational speed, full displacement is assumed. Therefore, the requested value is a minimum that is required to fulfil the speed command. However, the rpm request of work module or required power might increase the rpm of the engine. Moreover, it is possible that the rpm reference cannot be realised, e.g., due to overloading. Source: Ahopelto et al. (2013) The estimates of efficiencies of the HSD pump are utilised when the requested power and desired displacement are calculated. The efficiencies are functions of the measured displacement, rotational speed and pressure difference of the pump. Utilised models are based on laboratory measurements. The calculation of requested power is based on current pressures, the efficiencies of the pump and speed command. Finally, the power request is sent to the engine module.
Speed command together with the actual rotational speed and efficiencies of the pump define the desired displacement. If rotational speed is too low to achieve the speed command, the displacement of the pump is set to maximum.
In situations where the served power is less than the requested, the desired displacement is limited. The maximum value is calculated from the served power utilising the actual rotational speed, pressure difference and the efficiencies of the pump. Normally during constant machine speed, the pressures are relatively low which allows operating the pump at maximum displacement. However, during rapid accelerations pressures rise fast which increases also the required power. Therefore, to prevent overloading the engine, the increasing rate of the maximum displacement is limited.
Work hydraulic module control strategy
Work hydraulic circuit has independent control system based on digital hydraulics. Both lifting and tilting are realised using DVSs of four DFCU. A model-based control algorithm utilises pressures and position feedback. It operates in real-time. Input and output signals of the control algorithm are shown in Figure 7 . Source: Ahopelto et al. (2013) Similarly to the HSD module, the served power for the work hydraulics is calculated in the engine module. Work module also requests the rotational speed of the engine and power. Tilting and lifting commands are generated in this module and they can be either velocity or position references. The DFCUs are controlled with model-based algorithms.
Experimental results
Results of empirical tests are presented in the following section. The data is gathered with earlier described wheel loader. References are generated and sent wirelessly with a laptop; therefore, they are the same in all the cases of a specific test.
Acceleration methods
The power management strategy of the engine module is to deliver available power to the clients as described earlier. During high or rapid transitions in the required power, the module ensures that load rate does not exceed the capacity of the engine. Thus, the increase rate of the served power is limited. The clients are responsible for not exceeding their served power. This is realised in the HSD module by controlling the maximum displacement of the pump. The maximum displacement follows pressure levels and reserved power with limited increasing rate as seen in Figure 5 .
Adjusting parameters of the power management is illustrated in Figure 8 , where the vehicle is accelerated on flat terrain. Without the rate limiters of served powers [ Figure 8(a) ], the engine could not follow the reference signal because of the increasing load. Limiting the increasing rate of served power [Figure 8(b) ] offers acceleration time for the engine.
In the HSD module, the rate limiter of the maximum displacement ensures that the displacement of the pump is not increased too rapidly. Without this, the displacement of the pump oscillates [ Figure 8 Source: Backas et al. (2011) Both rate limiters are utilised in the last measurement [Figure 8(d) ]. Where rotational speed of the engine is accelerated with partial load and the displacement of the pump does not oscillate due to the exceeding of served power. At the beginning of the measurement, there is a peak in the pump displacement because of rising pressure. The peak could be eliminated by predicting increasing load.
Acceleration times in the measurements vary between two and four seconds, depending on the configuration of the rate limiters. In the final configuration where both rate limiters are utilised the acceleration time is around three seconds. Response times are compromises between controllability and robustness.
Minimised rpm control
The test results of the minimised rotational speed control are shown in Figure 9 . There are compared constant and minimised rpm control results. The speed command is a 6-second square pulse; at the beginning, the machine is stationary. In both cases, similar rate limiters as in Figure 8 (d) are active in the control system. Fuel consumption data is received every 100 ms and it is an average value of each sample interval.
The initial reason for developing the control system with variable rpm was its potential in fuel saving. Table 1 show that this is achieved because the scaled average consumption of minimised rpm is 14.1% lower than with constant rpm. The value is calculated from average consumptions per one metre and is therefore comparable even though distances vary among the tests. However, the test five of constant rpm departs from others, as the integrated consumption is the lowest even though the distance driven is one of the longest. In Figure 9 there is one test instance with both control systems presented as a function of time. The upper part presents the rotational speed of the engine and the displacement of the HSD pump. When the rpm reference is set to 1,500 r/min, the pump displacement is higher during the middle part of the acceleration than with minimised rpm control. This is due to the higher rotational speed of the engine as control system attempts to maintain the controllability of the machine. As a consequence, the measured velocities are almost identical, as can be seen from the lower part of the figure. Source: Backas et al. (2011) The graphs of integrated consumption in Figure 9 show clearly how the mentioned difference develops. At the beginning, the consumption of constant rpm control is actually lower due to the acceleration of the engine with minimised rpm. However, during the phase of constant velocity (t: 3-6 s) minimised rpm control saves fuel because the engine can operate at lower rotational speed and the pump at higher displacement. When the speed command is set to 0 (t: 6 s), both consumption graphs increase slower, but their difference is still growing. This is due to the lower power demand of, e.g., constant displacement pumps.
Remote and autonomous control
The studied off-road vehicle is a wheel loader, Figure 10 . It can be controlled manually, remote operated or autonomously. In order to teleoperate the mobile machine, two operator-machine interfaces, which take into account the special requirements of hydraulic machines, have been first designed and tested. The operator-machine interfaces are implemented in a laptop computer equipped with a steering wheel, pedals and joystick and in a handheld computer. The performance of each interface is evaluated by carrying out tasks involving motion control and load handling. Task completion times and number of task errors are considered and compared between the different operator control interfaces and a manually operated machine (Raneda et al., 2003) .
The research step forward about using wireless teleoperation on hydraulics mobile machines is presented in Javier et al. (2008) . This paper deals with the importance of data acquisition from and to the mobile machine and the ways of displaying the information for the teleoperator in control station. The paper also explores a set of possible errors occurring during the teleoperation process and suggests solutions for them.
The required control strategies, sensors, and algorithms for operating with autonomous wheel loader is essential research topics to these kind of machines. The control strategy is consisting of, e.g., static and dynamic mapping, path planning, obstacle observation and avoidance (Figure 11 ). In the autonomous machines and also in machines where operator assistance system is active the situational awareness is the key problems to solve. How we are sensing the surroundings of the machine with the today's sensors is one key topics towards autonomy (Ghabcheloo et al., 2009 ). The autonomous motion control system includes a mission planning graphical user interface, an improved odometry algorithm and a GPS device for navigation purposes, together with a model based path-following control strategy, and speed control. Autonomous mobile machines use onboard sensors for navigation and obstacle avoidance. The accuracy of the sensor data in global frame is however dependent on the localisation accuracy of the machine. Simultaneous localisation and mapping algorithms (SLAM) are widely used with 3D laser scanners for mapping the world. They use scan matching algorithms to solve the accuracy problem by matching prior sensor data of the environment with the newly acquired data. However matching scans is not always possible. Insufficient amount of prior data or too few features in the scan can prevent the scan matching algorithm from finding a match. Thus it is important that also the mapping algorithm is tolerant to some degree of error in localisation and calibration. A method for generating obstacle maps from smaller data segments at a time has been developed. The obstacle mapping method is tested with modified wheel loader (Kolu et al., 2015) . This paper proposes a new efficient path-planning algorithm for articulated steering vehicles operating in semi-structured environments, in which obstacles are detected online by the vehicle's sensors. The first step of the algorithm is offline and computes a finite set of feasible motions that connect discrete robot states to construct a search space. The motion primitives are parameterised using Bézier curves and optimised as a nonlinear programming problem (NLP) equivalent to the constrained path planning problem. Applying the A* search algorithm to the search space produces the shortest paths as a sequence of these primitives. The sequence is drivable and suboptimal, but it can cause unnatural swerves. Therefore, online path smoothing, which uses a gradient-based method, is applied to solve another NLP. Numerical simulations demonstrate that performance of the proposed algorithm is significantly better than that of existing methods when determining constrained path optimisation. Moreover, field experimental results demonstrate the successful generation of fast and safe trajectories for real-time autonomous driving (Choi and Huhtala, 2016) . The proposed solution to the path-planning problem uses the system architecture presented in Figure 12 . Source: Choi and Huhtala (2016) 
Conclusions
Research of autonomous and energy efficient mobile machines is a multidisciplinary task. In this paper there has been shown the steps, which have been necessary to take in order to complete this study. It is also shown that it is possible to reach to fully autonomous actions with today's technique and equipment. Both energy efficiency and autonomous drive the domain knowledge when designing the tasks are necessary to get sufficient solution. It is also worthwhile to mention that the sensor fusion between machine internal state sensors and perceptive sensors is needed to be carried out.
